The effects of Au thickness on the flip chip solder joints with the Cu/Ni/Al UBM on one end and the Au/Ni surface finish on another was studied. Two different thicknesses, 0.1µm and 0.65 µm, were used for the surface finish. After assembly, the joints were subjected to thermal aging at 150
Introduction
The flip chip soldering technology is the technology of choice for packaging high performance chips. In this technology, solder joints are used to connect the chip and the substrate. On the chip side, the areas of the chip surface to be in direct contact with the solder have to be coated with the so-called UBM (under bump metallurgy). On the substrate side, the areas of the substrate surface to be in direct contact with the solder have to be coated with a surface finish. Many different types of UBM and surface finish had been developed. These
UBMs and surface finishes all have a wetting layer to enhance the wetting with the solder and a diffusion barrier layer to avoid the excessive reaction with the solder. For the surface finish, a layer of oxidation protection layer, typically Au, is deposited over the wetting layer to ensure that the substrates have an appropriate shelf life before assembly.
During soldering and the normal service life of a flip chip device, the solder react with the UBM and surface finish. The interfacial reactions between solders and UBMs as well as between solders and surface finishes had been studied quite intensively in the past [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
These studies, however, did not pay special attention to the influence of the reaction at one interface, such as the UBM/solder interface, on the reaction at another interface, such as the solder/surface-finish interface. Recently, it had been pointed out that the reaction at one interface influenced the reaction at another interface [2] . As the device size shrinks, the solder joints connecting the chip and the substrate become smaller. Hence, the distance between chip and substrate also becomes shorter. This decrease in the distance between the two interfaces will make the interactions between these two interfaces even more important. The first objective of this study is to look into this interaction across the two interfaces in a flip chip solder joints.
As mentioned earlier, Au layer is often used as an oxidation protection layer in a surface finish. It is well known in electronic assembly technology that high Au content in a solder joint would weaken the joint [7, 12, 14] . The amount of solder in a joint is proportional to r 3 (r is the joint diameter), and the amount of Au in a solder joint is proportional to r 2 if Au layer thickness is kept constant. It follows that the Au concentration in a solder joint is proportional to r -1 . Consequently, as the dimensions of the flip-chip solder joints shrink, the Au content in the solder joints will increase. In other words, for smaller solder joints, a thinner layer of Au might have to be used in order to keep the Au concentration in a safe level.
The second objective of the study is to investigate the effect of Au thickness of the surface finish on the flip chip solder joints.
Experimental
In this study, the UBM on the chip had the Cu/Ni/Al structure, as illustrated schematically in Fig. 1 . The Cu and the Ni layers were sputter-deposited and were 0.8 and 0.5 µm, respectively. The surface finish on the substrate had the Au/Ni structure. Two different sets of surface finish thickness were used. The first set, denoted as THK for thick Au, had 0.65 µm Au and 5 µm Ni, and the second set, denoted as THN for thin Au, had 0.1 µm Au and 6 µm Ni. The solder was 63Sn37Pb eutectic solder. The solder joints had a nominal diameter of 125 µm.
The chips and the substrates were assembled by reflowing in a reflow oven following a reflow profile commonly used by industry. The peak reflow temperature was 213 , and the period of time above melting point is 64 s. The reflow condition for the first reflow (forming the solder balls on the chip) was the same as the reflow condition for assembling the chip and the substrate. The assembled samples were then kept in high temperature oven at 150 for up to 2000 hours for HTST (High Temperature Storage Test). After HTST, the samples were mounted in epoxy, and metallurgically polished in preparation for characterization. The interfaces for each sample were examined using a scanning electron microscope (SEM). The compositions of each phase were determined using an electron microprobe (EPMA), operated at 20 keV. In microprobe analysis, the concentration of each element was measured independently, and the total weight percentage of all elements was within 100 ± 1% in each case. The average value from at least three measurements was then reported.
Some of the HTST samples were pulled to fracture along the tensile direction by using a universal tensile tester in order to identify the failure mode. The failure surface was examined by SEM.
Results

Microstructure after the first reflow
Before the chips were assembled with the substrates, the chips along with the deposited solder had gone through the first reflow to form solders balls on the chips. Figure 2 shows the UBM/solder interface after this reflow. The Cu layer in UBM had not been completely consumed, and there were scallop-type Cu 6 Sn 5 formed over the remaining Cu layer. In addition, there were voids in the Cu layer. It is believed that these voids are Kirkendall voids formed due to the reaction of Cu and the solder. The formation of the Kirkendall voids was due to the different diffusion rate between Cu of UBM and Sn of solder.
Similar Kirkendall voids had been reported in the reaction between solder and bulk Cu [20] .
3.2 Microstructure after assembly the same material system [7, 11, 12, 14] .
Other than the AuSn 4 , the sequence of events was quite similar for the THK and the THN samples. Shown in Fig. 5 are the sequences of events for the UBM/solder interface for the THK samples. As shown in Fig. 5 (a) , the entire Cu layer had been consumed, and a layer of Cu 6 Sn 5 existed at the interface right after assembly. After aging at 150
for 500 hours, parts of the Ni layer had been consumed as shown in Fig. 5 (b) . In addition, a layer of (Ni 1-x Cu x ) 3 Sn 4 formed at the interface. There was also evidence from EPMA measurements that Au dissolved into (Cu 1-x Ni x ) 6 Sn 5 and became (Cu 1-x-y Ni x Au y ) 6 Sn 5 . When the aging time reached 750 hours, as shown in Fig. 5 (c) , most of the Ni layered had been consumed, and both (Ni 1-x Cu x ) 3 Sn 4 and (Cu 1-x-y Ni x Au y ) 6 Sn 5 remained at the interface. Although the sequence of event for the THN samples was quite similar to that of the THK samples, the Ni consumption rate for the THN samples was slower. As shown in Fig. 6 , most of the Ni layer was still intact after 750 hours of aging. A detailed comparison between the residual Ni thickness for the THN and THK samples showed that, before 500 hours of thermal aging, the Ni consumption rate differed only slightly. When the aging time was longer than 500 hours, the difference became significant. Fig. 7 is the sequence of events for the solder/surface-finish interface for the THK samples. Again, the sequence of events was quite similar for the THK and the THN samples. After assembly, there was a layer of (Cu 1-x Ni x ) 6 Sn 5 at the interface, as shown in Fig.   7 (a). During thermal aging, Ni diffused from the surface finish into (Cu 1-x Ni x ) 6 Sn 5 , and gradually a layer of (Ni 1-x Cu x ) 3 Sn 4 formed, as shown in Fig. 7 (c) . Eventually, the main compound at solder/surface-finish interface was (Ni 1-x Cu x ) 3 Sn 4 . The major difference of the THK and THN samples was the presence of (Au 1-x Ni x )Sn 4 near the interface for the THK samples. Figure 8 shows the fracture surfaces for the THN and THK samples that had been aged at 150 for 300, 500, 750, and 1000 hours. For the THN samples with a short aging time (300 and 500 hours), the failure occurred within the solder itself. The fracture surface located neared the center of solder joints. As the aging time increased, the location of the fracture surface changed to a position that near the die side (750 hours). Nevertheless, the fracture surface was still inside the solder joint. As the aging time reached 1000 hours, the fracture surface occurred at the UBM interface.
Shown in
Fracture surface after tensile pull test
For the THK samples, the locations of the fracture surface evolved differently from those of the THN samples. For sample with a short aging time (300 hours), the fracture surface occurred inside the solder. However, when thermal aging time increased to 500 hours, the fracture surface still located inside the solder but neared the die side. In addition, EDX analysis showed that there were AuSn 4 particles exposed on the fracture surface. The fracture surface for 750 hour of aging was similar to that of the 500 hours, but now even part of the UBM interface was exposed. As the thermal aging increased to 1000 hours, the fracture surface located at the UBM interface. Large (Au 1-x Ni x )Sn 4 particles and pars of the Al pad were clearly visible. Ni layer [7] . In this study, the effective Au concentrations in the THN and THK samples were 0.27 and 1.45 wt.%, respectively, if we assume all Au had dissolved in the solder. These two concentrations were higher than the 0.1 wt.% limit above which will weaken the solder/Ni interface. It should also be noted that Cu was present in the solder joint in this study. The 0.8
µm Cu from the UBM was in direct contact with the solder, and could dissolved into the solder during reflow and aging. If we assume the entire Cu layer in the UBM dissolved into solder, the effective Cu concentration would be 0.59 wt. %. Therefore, it is within expectation that a continuous (Au 1-x Ni x )Sn 4 layer did not form at the interface. Nevertheless, isolated AuSn 4 particles did exist within the solder joint in the THK samples. These AuSn 4 did cause solder embrittlement after aging as shown in Fig. 8 . even though the Au concentration (1.45 wt.%) was below the < 3 wt. % threshold. This result showed that the 3 wt. % is too high, and even Au concentration at 1.45 wt.% can still weaken the bulk solder.
The effect of Au thickness on the Ni consumption
In THK samples, particle-like AuSn 4 phase distributed within the solder joint in as-assembly condition. After aging for 500 hours and longer, some of AuSn 4 had migrated to both UBM/solder and solder/surface-finish interfaces, and became (Au 1-x Ni x )Sn 4 . The driving force is for AuSn 4 to migrate to the interfaces to seek Ni [7] . The Ni atoms were not only be converted into (Ni 1-x Cu x ) 3 Sn 4 but also been incorporated into (Au 1-x Ni x )Sn 4 . Therefore, the consumption of Ni was enhanced. Such enhancement of Ni layer due to the presence of (Au 1-x Ni x )Sn 4 had been reported before for the solder joints in Ball Grid Array packages [7] .
As shown in Fig. 8 , Au also had a strong influence on the failure site in the pull test. For the THN sample, the failure site was always within the solder for aging time shorter than 750
hours. Only when part of the Ni layer of the UBM (> 750 hours), did the fracture surface occur at the UBM. For THK samples, it is different. When the aging time was short, the fracture surface located inside solder. In other words, the solder is the weakest link of the system for these samples. For the THK samples with 500 and 750 hours of aging, the fracture surfaces had both solder and AuSn 4 , indicating that the solder now suffered the classical Au-embrittlement. As the aging time increased to 1000 hours, more (Au 1-x Ni x )Sn 4 migrated from the within the solder to the interface, the fracture interface occurred at the (Au 1-x Ni x )Sn 4 /solder interface.
Conclusion
The difference in Au thickness of the Au/Ni surface finish had a strong effect on the consumption rate of the Ni layer in UBM as well as on the failure mode of the solder joints.
When the Au layer was thin (0.1 µm), the dissolved Cu from the Cu/Ni UBM was able to The UBM/solder interface after the first reflow to form solders balls on the chips. Fig. 3 The microstructures of the solder joints right after the chips were assembled with the substrate for the THN and THK surface finishes. The zoom-in micrographs for the UBM/solder interface for the THN samples that were aged for 750 hours. Most of the Ni layer was still intact. The zoom-in micrographs for the solder/surface-finish interface for the THK samples that were (a) as assembly, (b) aged at 150 for 200 hours, and (c) aged at 150 for 500 hours. Fig. 8 Fracture surfaces after pull test for THK and THN samples that had been aged at 150 for different periods of time.
